Polyelectrolyte complex micelles (PCMs), nanoparticles formed by electrostatic selfassembly of charged polymers with charged-neutral hydrophilic block copolymers, offer a potential solution to the challenging problem of delivering therapeutic nucleic acids into cells and organisms. Promising results have been reported in vitro and in animal models, but basic structure-property relationships are largely lacking, and some reports have suggested that double-stranded nucleic acids cannot form PCMs due to their high bending rigidity. This letter reports a study of PCMs formed by DNA oligonucleotides 1
Oligonucleotides have immense potential as therapeutic agents, but face several physical and biological barriers to effective action in the cell. [1] [2] [3] As they are large, hydrophilic molecules, they do not easily cross cell membranes and are rapidly cleared from circulation by the renal and reticuloendothelial systems. They are also readily degraded by serum and intracellular nucleases and can trigger immune responses. As a result, therapeutic oligonucleotides must be encapsulated and/or heavily chemically modified in order to function in vivo. Lipid nanoparticles (nucleic acids complexed with cationic lipids or polymers and assembled via hydrophobic interactions) are commonly used for oligonucleotide delivery, but face significant challenges of toxicity, immunogenicity, and, most notably, limited biodistribution. [4] [5] [6] Hydrophilic polycations such as polyethyleneimine and polylysine (pLys) also readily form phase-separated complexes with nucleic acids and are effective in vitro, but their lack of colloidal stability limits their use in vivo.
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Conjugating a biocompatible, neutral, hydrophilic polymer such as polyethylene glycol (PEG) to the polycation moves phase separation to the nanoscale, producing nanoparticles with a phase-separated polyion core and a hydrated neutral block corona ( Figure 1A ). These self-assembling nanoparticles, variously called polyelectrolyte complex micelles (PCMs), polyion complex micelles, block ionomer complexes, and coacervate-core micelles, 8, 10, 11 are attractive vehicles for non-viral delivery of nucleic acids: the polyelectrolyte complex core neutralizes the nucleic acids' charge and shields them from degradation, and assembling multiple oligonucleotides into a single nanoparticle increases the potency of each cell internalization event.
The corona provides additional shielding and reduces immunogenicity while also increasing the size of the nanoparticle to avoid renal clearance and providing an attachment point for targeting ligands to optimize biodistribution. PCMs have been shown to deliver plasmid DNA in vitro and in clinical trials, 8, 11 but far less is known about their performance with oligonucleotides, though promising results have been obtained in vitro by our group and others.
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One of the key questions for development of PCMs as oligonucleotide delivery vehicles is how the properties of the oligonucleotide and the block copolymer combine to determine those of the assembled nanoparticle, particularly size and shape. Nanoparticle morphology strongly affects biodistribution, circulation time, and cell internalization efficiency and is therefore a crucial parameter to control. [15] [16] [17] Preliminary results in controlling PCM morphology have implicated polyion length, neutral block length, and salt concentration as important factors, [17] [18] [19] but no unified picture yet exists to enable rational design of nanoparticles with a desired size and shape.
Another key question for designing oligonucleotide PCMs is the importance of nucleic acid hybridization (base-pairing). Single-and double-stranded nucleic acids (dsNA) differ substantially in both charge density and mechanical rigidity, and this presumably affects their self-assembly properties. We recently observed that single-stranded oligonucleotides undergo liquid-liquid phase separation (complex coacervation) when mixed with cationic homopolymers, while dsNAs form solid precipitates, apparently due to their larger charge density. 20 Large dsDNA nanostructures maintain their shapes after encapsulation with pLys-PEG block copolymers, 21 and 2-11 kb plasmid DNA has been shown to fold into rods with a discrete set of lengths containing one DNA molecule per nanoparticle, 22 but the self-assembly behavior of oligonucleotides when mixed with block copolymers is less clear.
Hayashi, et al recently reported that siRNAs (∼20 bp, double-stranded) did not form multimolecular complexes when mixed with pLys-PEG while single-stranded oligonucleotides did so successfully, a difference they ascribed to the increased rigidity of the dsRNA, 23 and which implies that PCMs may not successfully form with double-stranded oligonucleotides.
We have attempted to address these questions by characterizing the morphology and internal structure of PCMs formed by DNA oligonucleotides of varied length and hybridization state and poly(L)lysine-poly(ethylene glycol) block copolymers with varying block lengths and block ratios. To do this, we employed a multi-modal characterization strategy combining small-angle X-ray scattering (SAXS), multi-angle light scattering (MALS), and cryo-electron microscopy (cryo-TEM). These techniques are complementary and provide much more infor-mation than single-angle dynamic light scattering, which is commonly used for nanoparticle characterization. SAXS reports on spatial correlations over the length range ∼ 0.5-100 nm, including both internal structure and nanoparticle size and shape. MALS extends this information to larger length scales (∼ 1 µm), and cryo-TEM provides real-space images of vitrified micelles in their native solution state. Combining these three techniques allows us to determine how PCM properties are determined by the architecture of the constituent polymers, thus enabling rational design of nanoparticles with specified sizes and shapes.
Sample Preparation
One of the challenges in characterizing PCMs formed by high charge density polyelectrolytes such as nucleic acids is developing a protocol that produces them in a repeatable, robust manner. Most polyelectrolyte self-assembly protocols reported in the literature assemble the nanoparticles in low ionic strength buffers, either by slow titration or rapid vortex mixing.
We found that PCM samples prepared in this way displayed high degrees of polydispersity and noticeable inconsistency in nanoparticle size and shape between apparently-identical batches ( Figure S1 ). This suggests that PCMs prepared at low ionic strength are kinetically trapped in far-from-equilibrium states, likely due to a prohibitively high energy barrier to remove polyelectrolyte chains from complexes once they are assembled. Consistent with this hypothesis, we observed that switching the order of titration (block copolymer into nucleic acid or vice versa) had large effects on the characteristics of the resulting nanoparticles, and that both methods produced different results from rapid mixing ( Figure S2 ).
After extensive investigation, we found two annealing protocols that produced low polydispersity, repeatable PCM preparations. The first is a thermal annealing protocol in which samples prepared in a buffered solution at physiological ionic strength (1x PBS) are heattreated for two hours at 75
• C. We found that PCMs produced by this method were highly consistent from batch to batch and also exhibited improved polydispersity after annealing (Figures S3-S5). We also developed a second, isothermal salt annealing protocol, inspired by early studies of genomic DNA condensation, 24 in which the DNA and block copolymer are mixed at very high ionic strength (≥ 1M NaCl) and slowly dialyzed into the desired buffer solution. Higher ionic strength weakens the attraction between polyelectrolytes, and our measurements with homopolymers showed that phase separation was eliminated entirely above 1M NaCl. 20 This suggests a scenario in which, as the ionic strength slowly decreases, the initially-free polyelectrolytes are able to first pair and then rearrange into their most energetically-favorable configuration before this is 'locked in' at low ionic strength. This is also reminiscent of the solvent addition method used for producing uniform micelles from amphiphilic block copolymers, 25 though in our case it is the affinity of the polymers for each other rather than for the solvent that is changing. As shown in Table 1 , PCMs prepared by this method have exceptionally low polydispersity, indicating that they may represent a true equilibrium state, and also show excellent repeatability ( Figures S6,S7 ). Once prepared, we observed that the PCMs were stable for at least several months, as measured by light scattering intensity. We also observe that PCM properties are independent of concentration over at least a 100x range ( Figure S8 ), suggesting that the particles have good colloidal stability.
Details for both preparation methods can be found in the Supporting Information. Except where noted, all data presented in this article were obtained from salt-annealed micelles.
Polyelectrolyte complex micelle morphology
In order to determine which factors control their morphology, we assembled PCMs from 22- , where θ is the scattering angle, λ is the photon wavelength, and n is the refractive index), but report on slightly different aspects of the nanoparticle.
SAXS measures spatial correlations of electron density from both the particles' external surface (size and shape) and their internal structure, while MALS is sensitive to spatial variations in refractive index and thus reports on the overall size and shape of the particles.
The only heavy atoms in our nanoparticles are the oligonucleotides' phosphorus atoms, and these dominate the X-ray scattering (see Table S2 for scattering length density calculations), so the SAXS data provides information about the polyelectrolyte core of the micelles, rather than the PEG corona. With the assumption that the PEG corona is relatively homogeneous over the nanoparticles' surfaces, the scattering profiles can be combined to yield data about the structure of the nanoparticles over three orders of magnitude in length scale, a range achievable by few other techniques. micelles. 26 The MALS data for these micelles shows the same dependence, indicating that they are at least 1µm long. By contrast, the single-stranded PCMs show a q 0 dependence in the SAXS data in the same q range, indicating that they are spheroidal. The MALS data shows the same q 0 scaling for theLys(50)-PEG(5k) block copolymer, but the 20k PEG sample
shows an increase in scattering intensity, perhaps indicating aggregation due to the longer neutral block. The single-stranded DNA + Lys(10)-PEG(5k) block copolymer nanoparticles are quite small and did not scatter enough light to obtain accurate MALS data.
In order to corroborate these results with real-space imaging, we obtained cryo-TEM images of PCMs formed with single-and double-stranded DNA and Lys-PEG block copoly- Using the Irena software package, 27 we fit the SAXS data for the double-and singlestranded PCMs to semi-flexible chain 28 and spheroidal form factors coupled to power-law and diffraction models at higher-q (discussed below) and obtained excellent agreement with the data (black lines in Figure 1 , results in Table 1 ). Aspect ratios for the single-stranded PCMs were < 2, indicating nearly-spherical particles. PCMs formed with 50 Lys residues in the charged block were found to have core radii between 10 and 20 nm, with the doublestranded PCMs having slightly smaller radii than the single-stranded ones, and also displayed similar scattering intensities for both neutral block lengths (the curves in Figure 1 are offset for visual clarity). This suggests that the PCM core characteristics are fairly insensitive to the neutral block length. By contrast, the PCMs formed with the Lys(10) block copolymer were smaller and had lower overall scattering intensity. The radii of the single-and doublestranded PCMs estimated from the cryo-TEM images in Figure 2 are 16 ± 3 nm and 9.5 ± 1.9
nm, respectively, in excellent agreement with the fit results from the SAXS data. All the PCMs showed very low values of polydispersity, as shown qualitatively by the intensity oscillations for the spheroidal micelles and quantitatively in Table 1 . Interestingly, the Kuhn segment lengths L K describing the bending stiffness of the double-stranded PCMs were found to be between 45 and 60 nm, similar to the value expected for double-stranded DNA on its own (worm-like chain persistence length 50 nm ⇒ L K = 100 nm). The above results were obtained with salt-annealed samples. Heat annealing produced Figure S12 ). This provides another method to control particle shape, if spheroidal particles are preferred for a given application. Polydispersity was also found to be low for the heat-annealed PCMs, suggesting that they are, if not fully equilibrated, at least closer to equilibrium than PCMs prepared without annealing.
In order to more fully explore the relationship between the structure of the constituent polymers and the properties of the resulting PCMs, we prepared nanoparticles from 5 different lengths of single-and double-stranded DNA and block copolymers with 4 combinations of PEG and Lys lengths, spanning roughly an order of magnitude in length for each polymer (Tables S3 and S4 ). Stable nanoparticles were formed for all length and oligonucleotide hybridization combinations except for those with Lys(50)-PEG(1k) block copolymers, which formed large aggregates, perhaps due to the neutral block being too small to form a sufficient corona. Internal structure SAXS and cryo-TEM measurements can also provide information about the internal structure of PCMs, an area which is poorly understood at present. Measurements of phaseseparated polyelectrolyte complexes formed from homopolymers suggest two divergent scenarios: polymers inside liquid complexes (complex coacervates) appear to adopt a random coil (Gaussian) configuration typical of neutral polymers, while polymers in solid complexes adopt a rigid, ladder-like configuration dominated by non-charged interactions that are sensitive to small-scale structural characteristics of the molecules such as chirality. [29] [30] [31] [32] How replacing one homopolymer with a charged-neutral block copolymer affects these tendencies is unknown, but might be quite significant if, for instance, the neutral block prefers to avoid the polyelectrolyte core analogously to surfactant micelles. Another interesting question is the effect of the oligonucleotides' (helical) internal structure on that of the polyelectrolyte complex. As discussed above, large, structurally constrained DNA molecules such as DNA origami and supercoiled plasmids maintain their structure when complexed with cationic polymers and block copolymers, while annealing long (> 1 kB) dsDNA with multivalent cations has been shown to form intricate toroidal structures containing hexagonally-packed parallel DNA helices. 33 Shorter dsDNA has not been shown to adopt these structures, 34 and our own measurements indicate that the phase of oligonucleotide-cation complexes is controlled by charge density rather than helical structure, 20 leaving the question open for experimental investigation.
Information on PCM internal structure is found in the higher-q region of the SAXS scattering profiles (q ≥ 0.07), and this region displays several interesting features for both double-and single-stranded DNA-containing PCMs (Figure 1 ). The first of these is an apparent power-law dependence of scattering intensity on q for all the PCMs. Combining power law fits with the form factors discussed above yields excellent agreement with the data in this region, and values for the Porod exponents between 1.7 and 2 ( Table 1) . These fall between the predicted values for self-avoiding (q The second feature apparent in the high-q region is a prominent diffraction peak in the scattering intensity for the PCMs containing double-stranded oligonucleotides and 50-aa Lys block copolymers (Figures 1 and 4A ) The peaks are located at q = 0.236 Å −1 , corresponding to a correlation length of 2.7 nm. This is not consistent with either the pitch (3.3 nm) or width (2 nm) of the B-form DNA double-helix, but is consistent with the inter-helix spacing reported for toroids formed from (very long) genomic DNA, as well as for psi-(polymer and salt-induced) DNA structures formed in conditions of high salt concentration and high osmotic pressure. 35 Both of these are formed by parallel packing of DNA helices, which is also suggested in the cryo-EM images of the double-stranded PCMs (Figure 2 ). Highermagnification images of PCMs oriented parallel to the electron beam ( Figure 4B ) also show what appears to be hexagonal packing, and an average inter-helix distance of 3.0 ± 0.3 nm, in agreement with both the value obtained from SAXS and the 2.8 nm value reported for the DNA toroids. 33 Interestingly, the diffraction peak is not observed in the PCMs formed with 10-aa Lys blocks, suggesting that these PCMs' radius (< 5 nm) is too small to allow for parallel packing. EM images of edge-on double-stranded PCMs ( Figure 4C ) also suggest long runs of parallel packing, which in turn implies coaxial stacking of helices. Coaxial stacking is energetically favorable, and also suggests a cause for the substantial persistence length that we observe for these micelles.
Summary and Conclusions
By combining three complementary experimental techniques, we were able to characterize polyelectrolyte complex nanoparticles formed by DNA oligonucleotides and Lys-PEG block copolymers, with a view towards non-viral delivery of therapeutic oligonucleotides. We observe robust nanoparticle formation for all polymer length combinations except those with very short neutral block lengths, for both single-and double-stranded oligonucleotides, and report two annealing protocols that produce repeatable, low-polydispersity PCMs. The equilibrium shape of the nanoparticles appears to be determined by the hybridization state of the nucleic acid (single-stranded = spheroids, double-stranded = flexible worms), though spheroidal double-stranded PCMs can be obtained by appropriate choice of annealing protocol. PCM radius appears insensitive to oligonucleotide length but can be controlled by adjusting the length of the charged block. Together, these observations provide a set of design rules for rational exploration of these nanoparticles' therapeutic potential.
Inside the nanoparticles, we observe parallel packing of DNA helices in the doublestranded PCMs that had previously only been seen with much longer nucleic acids, as well as Porod exponents consistent with flexible neutral polymers and liquid polyelectrolyte complexes. This apparent conflict offers interesting information for future simulation studies;
contrast-matched neutron scattering may also be useful as a method to probe the structure of each polymer component independently. Another interesting question is the effect of chemical modification to either the nucleic acid or block copolymer components: RNA has been shown to complex differently than DNA, due to its different helical structure, 36 and modifying either component of the block copolymer offers further possibilities for control of nanoparticle characteristics. 37 In short, PCM nanoparticles offer ample possibilities both as therapeutic materials and as laboratories for probing the self-assembly of charged polymers. 
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